Abstract Of late, UV-curable products are gaining attention in the wood industry because of the effectiveness and efficiency of this method. UV-curable surface coatings are widely used because of their excellent properties and because they are environmentally friendly products. In this study, immobilized Candida antarctica lipase B was used to catalyze formation of liquid wax esters, such as adipate esters, via a solvent-free process. The adipate esters formed were then used as UV-curable reactants in the wood coating formulations, consisting of epoxy acrylate, additives, and a photoinitiator. The performance of the products was evaluated by coating them onto glass tiles (using gel content, hardness, and scratch resistance tests) and wood panels (using adhesion, impact, and heat resistance tests). The coated film from this formulation performed well during the evaluation tests. The gel content exhibited more than 90% polymerization, while the pendulum hardness gave a value of 55.25%. Both analyses were significant in determining the effect of irradiation cycles. A scratch test was also carried out to verify the resistance of the coating. The maximum weight load which can be resisted by the wax esters formulation is 4.5 N.
Introduction
Various protective and decorative finishes such as paints, varnishes, and lacquers can be used to protect wooden materials from undesirable elements such as invisible light, ultraviolet light, oxygen, heat, humidity and water, biological attack, and air pollutants. Almost all woods used for furniture and floorings are surfacecoated. Clear or transparent coatings which allow the aesthetic and natural features of the wood (color and texture) to remain visible are attracting worldwide interest, especially in Asia, Europe, and North America.
More than 95% of exterior wood coatings are applied as a liquid with a solvent carrier for the coating ingredients in thermal curing 1 or using radiation technology without a carrier. The radiation technology offers a broad range of final properties, and allows for variation in formulation and different curing conditions, compared to conventional curing. Recently, there has been a strong and increasing demand for scratch-and abrasion-resistant coating materials that can be applied on various substrates. Available coating materials are still vulnerable to scratching and have poor abrasion properties, thus spurring a lot of research interest in this area. 2 In order to improve scratch and abrasion resistance of surfaces, radiation curing coatings have been utilized widely. Generally, coating formulations cured using a radiation UVcuring technology contain functionalized oligomers, reactive monomers, and a photoinitiator.
At present, most formulations of radiation coating contain oligomers and monomers from acrylate esters. [3] [4] [5] [6] However, the acrylate ester used is hazardous and toxic; hence, there is a need for it to be replaced.
The study in this paper focuses on a new radiation coating formulation from adipate ester as monomer, which has less toxicity. 7 However, epoxy acrylate as oligomer has been used in formulations. Currently, there is a strong interest in developing waxes to serve as an ingredient in coatings for wooden surfaces, with minimum pollutants and with substrates from renewable resources. The use of palm-based wax esters is attractive, since they are nonhazardous compounds with good biodegradability. 8 An enzymatic process was employed for the production of adipate esters for use in wood-coating formulations. Most of today's commercial enzymatic processes have a variety of positive characteristics, such as high productivity and a lack of undesirable by-products. Lipase-catalyzed reactions are superior to conventional chemical methods owing to the enzyme's typical selectivity and the moderate temperature and pressure needed to produce high purity products. [9] [10] [11] In this study, dioleyl adipate was synthesized as a monomer, and thereafter radiation cured to form the polymer (Fig. 1) . The properties of clear coats produced with UV radiation using adipate esters as monomers were evaluated. The characteristics assessed were pendulum hardness, scratch resistance, and gel content, as well as infrared absorption bands correlated to the depletion of the C=C group.
Experimental

Materials
Immobilized enzymes of Candida antarctica lipase B adsorbed on a macroporous resin (Novozym 435) and Rhizomucor miehei lipase adsorbed on an anion exchange resin (Lipozyme RM IM) were purchased from the Novozymes Company (Bagsvaerd DK, Denmark). All other chemicals and solvents used in this study were of analytical grade and used without any further treatments, unless otherwise stated. 
where V control is the volume of 0.1 M NaOH needed to titrate the control and V sample is the volume of 0.1 M NaOH needed to titrate the sample.
Formulation of wood coating
Oligomer and reactive diluents were mixed in different proportions (Formulations 1-9) with continuous stirring for 30 min using Ika Werke RW16. The homogenous mixture was used for top-based coating. Later, a photoinitiator, Doracur 1173, was added into the mixture. These formulations were applied onto glass tiles of desired sizes using a bar coater (150 lm). The coated samples were irradiated using a UV curing conveyor system (IST Strahlentechnik GmbH, Germany), 20 W for each cycle, with 16 cycles. A surfactant was introduced as an emulsifier to achieve a homogenous mixture. The experiment was carried out using Formulation 1 (87% oligomer, 10% reactive diluents, and 3% photoinitiator) as described above, with the addition of surfactants. The surfactants that were used were series of Span (20 and 40), Tween (20, 40, 60, 80, and 85), and Brij (30 and 93). Later, Formulation 1 containing the different surfactants, which will be referred to as Formulation 10-17 hereafter, was stirred to achieve a homogenous mixture at 2000 rpm for 30 min. Then the mixture was applied onto glass tiles and underwent irradiation, as previously described. In this stage, the clear film coat must be formed, since the goal is to make a wood top-based coating. Finally, pentaerythritol triacrylate (PETIA) was added in Formulation 19 to increase the film hardness. Meanwhile, dioleyl adipate in Formulation 20 was replaced by dilauryl adipate to observe the effects of different adipate esters (double-bond existence).
Mechanical properties
The mechanical properties of the cured formulations were examined by testing their performance on glass tiles and wood panels. Formulations 19 and 20 were cured on glass tiles and analyzed using standard characterizations, including pendulum hardness, scratch testing, and gel extraction. Formulation 19 exhibited better performance and was therefore subjected to further testing, including adhesion tests (ASTM D4541-85 and ASTM D3359-97), an impact test (BS 3962: Part 6: 1980), and a heat resistance test (BS 3962: Part 3: 1983).
Performance test on glass tiles
PENDULUM HARDNESS: A pendulum hardness tester (Byk, Switzerland) was used to measure the hardness of the coating. Hardness is measured as resistance to a mechanical force, such as pressure, rubbing, or scratching of a coating sample, compared to the hardness of a standard glass plate. Previously, hardness was measured by a conventional test using pencils of various degrees of hardness drawn over the coating surface to determine which pencil caused an indentation. Two methods can be applied to assess pendulum hardness, the Kö enig and the Persoz methods.
In this research, the Kö enig method was applied, in which oscillation was counted if it ranged between 6°a nd 3°according to DIN 53157. A Kö enig pendulum hardness tester was used to monitor the surface hardness of the cured film during UV curing. After UV exposure, the pendulum hardness of the UV-cured film surface was measured with respect to the pendulum oscillation time.
The result is expressed as a hardness percentage given by:
Pendulum hardness ð%Þ SCRATCH RESISTANCE: The scratch resistance of the coating film was measured by a scratch tester (Erichsen 413, Germany) according to DIN 53799. The maximum weight load at which the coating would penetrate was determined using a diamond tip at a 90°angle. The weight load varied from 0.5 to 10 N. A needle tip was used to scratch the surface of the cured coatings on the glass tiles. Since scratch marks cannot be observed using the naked eye, an Olympus BH II microscope was used for their detection. A scratch would produce a clear line, which meant the weight load needed to be increased. The last weight load which produced a discontinuous line (fishbone) would be the limit for maximum weight load. Thus, the load before the fishbone was formed would be recorded as the maximum scratch resistance.
Performance test on wood panels ADHESION: Evaluation of the adhesion resistance was performed in two ways, according to ASTM D4541-85 (pull-off adhesion) and ASTM D3359-97 (cross-cut adhesion). In the pull-off adhesion test, a pressuresensitive adhesive tape was applied over the grids on the coated surface. The tape was peeled away rapidly from the surface by seizing the free end and pulling at an angle close to 180°within 2 min of application. The grids were inspected for removal of coating. Coating adhesion was qualitatively determined from the severity of the lift-up.
In the other method, the adhesion properties of the cured films were evaluated by a cross-cut adhesion test. In this test, parallel cuts were made on the coating in two directions to form a series of small squares, 1.25 mm on a side. An adhesive tape was applied to the cross-cuts, rolled at the site to assure good adhesion, and then removed with a force perpendicular to the coated substrate. The number of squares removed gives the numerical value of the adhesiveness.
IMPACT RESISTANCE: The impact resistance was evaluated by dropping a 900 g hardened steel ball onto the test sample from a height of 2 m, according to the BS 3962: Part 6: 1980 specification. The tests were carried out with the uncoated side of the panels facing the falling weight. After testing, the coated film was examined for signs of cracking, flaking, and detachment from the substrate.
HEAT RESISTANCE: The resistance to heat of the coated wood was assessed in two ways, as measured by the highest temperature sustained and by the time duration of exposure to a temperature endured by the formulation coating. The test was carried out according to the BS 3962: Part 3: 1983 specification. The heattreated wood surface was examined, and the failure of the coating was evaluated by color change, chalking, blistering, and cracking.
Gel content
A Soxhlet extractor was used to remove unreacted materials inside a coating film, leaving behind the cured polymeric film. All the remaining residue is the gel content of the film. A higher gel content means more crosslinking took place. Gel content was determined by measuring the weight loss of the sample after extraction with acetone for 10 h at 60°C. Cured films for different UV radiation exposures were peeled off from the glass tile and weighed to obtain the initial weight. Then the films were extracted using the Soxhlet extractor. Later, all the cured films were dried in vacuum and weighed to estimate the gel content using the following formula 3 :
Gel content ð%Þ ¼ Weight after extraction Initial weight Â 100
Fourier transform infrared (FTIR)
Fourier transform infrared spectroscopy (FTIR) was performed on a FTIR spectrophotometer (PerkinElmer Model 1650). This analysis was carried out in order to characterize the coating composition and to estimate the polymerization reaction which occurred by the qualitative existence of the C=C group before and after radiation curing. Formulations 19 and 20 before radiation (gel formation) were prepared using the NaCl discs technique. FTIR spectra samples were obtained in the range of 4000-400 cm À1 . Meanwhile, the FTIR film technique was used to analyze the cured film samples.
Results and discussions
Esterification assay
Optimization of esterification via the enzymatic route of reacting adipic acid and alcohols (oleyl alcohol, C18:1, and lauryl alcohol, C12:0) gave a high percentage yield of more than 90%. Figure 2 shows the percentage yield of the enzymatic synthesis of adipate esters. Esterification of adipic acid and oleyl alcohol gave 95% dioleyl adipate, whereas adipic acid and lauryl alcohol with dilauryl adipate produced 91%.
Abdul Rahman et al. 9 did a study on esterification of short chain adipate esters by immobilized lipase. Candida rugosa immobilized onto layered double hydroxides (LDHs) was used in enzymatic esterification, which produced up to an 80% yield. In this study, Novozyme 435 gave a higher percentage yield in the synthesis of adipate ester as opposed to using Lipozyme RM IM. Dilauryl adipate was synthesized using Novozyme 435 by Abdul Rahman et al. 10 The modeling of the esterification reaction to synthesize dilauryl adipate was successfully performed by the response surface method. A high percentage yield (96.0%) was obtained using a minimum amount of enzyme, which matched well with the predicted value of 96.1%.
In this research, dioleyl adipate and dilauryl adipate could be used in formulations for wood coating as monomers. Dioleyl adipate was screened with different ratios of oligomer and additives in order to find a good formulation. A comparison will also be made using dilauryl adipate to replace dioleyl adipate in the final formulation.
Formulation of wood coating
This study focused on the adhesion of epoxy acrylate oligomer and adipate ester monomer. Formulations 1-9 (unpublished data) gave poor results, and were thus found unsuitable for use as clear coating formulations. Addition of surfactant to produce a stable emulsion (Formulation 10-17; unpublished data) did not improve the coating formulation. However, Formulation 18, which consists of epoxy acrylate, dioleyl adipate, photoinitiator, and Brij 30 as surfactant gave an excellent coating formulation.
Several surfactants with various hydrophiliclipophilic balance (HLB) values were screened (4.0-16.7 HLB) to solve the adhesion problem which occurred. In the early stage, a mixture of epoxy acrylate and esters gave a whitish coating because of the difficulty of achieving stable and fine droplet emulsions of epoxy acrylates through the physical emulsion process. 11 Surfactants received more attention because of their ability to stabilize the solution 12 by increasing the kinetic stability of the emulsions.
A new formulation was obtained for radiation coatings with a colorless mixture using Brij 30, which has a 9.7 HLB value. The HLB value, which varies with the polyoxyethylene (POE) chain length, has a major effect on the coating formulation. This factor affects the solubilization behavior of the formulation. Brij 30 has a lower POE chain length and average HLB value as compared to the Tween and Span surfactants. Tween has 20 POE in each series, and Span does not have any. 13 The materials of the formulations need to be judiciously chosen in order to further enhance the coating characteristics.
Mechanical properties
Performance test on glass tiles PENDULUM HARDNESS: The pendulum hardness test is based on the principle that the harder a measured surface, the greater the amplitude time of pendulum oscillation. The Kö enig pendulum consists of a triangular open framework with an adjustable counterpoise weight; it weighs 200 ± 0.2 g. The pendulum pivots on two bearings of 5 mm diameter that rest on the test surface.
14 Every single-cycle exposure under ultraviolet light brings chemical and physical changes to the coatings. Irrespective of types of radiation, every cycle increases hardness, and consequently the gel content. These values will reach the maximum until degradation takes place. The numbers of cycles used in UV curing were 4, 6, 8, 10, 12, 14, and 16. Cycle exposures were carried out in order to search for the optimum dosage to cure the formulations (Table 1) . Formulation 19 had a greater hardness (55.25%) than Formulation 20 (Fig. 3 ).
SCRATCH RESISTANCE: Besides the filling the protective role of a coater, scratch resistance is also an important mechanical property to be considered. The damage caused by a scratch on the coated surface may be simple abrasion, or it may be so severe as to cause deformation, and finally induce a crack in a coating. No. of passes
The effect of radiation to the pendulum hardness Formulation 19 coating using the Olympus BH II microscope. In Fig. 4 a clear line was observed, as compared to the image obtained in Fig. 5 . When the scratch shows a clear line, it implies that the weight load needs to be increased. The last weight load that produces a discontinuous (fishbone) line (Fig. 5 ) is considered to be the upper limit or maximum weight load. Thus, the load before the fishbone pattern scratch mark occurred is recorded as the maximum scratch resistance. From Table 2 , it can be seen that Formulation 19 (dioleyl adipate) gave a greater scratch resistance than Formulation 20 (dilauryl adipate). The maximum load for Formulation 19 was found to be 4.5 N. Dioleyl adipate, which contains a double bond, may have a significant effect on the radiation curing, because the free radical would attack this bond in order for polymerization to occur. Salleh et al. 2 had studied the scratch resistance of the polymeric composites in the development of hard material by radiation coating, which recorded a maximum load that could resist only up to 3.0 N.
Performance test on wood panels
ADHESION, IMPACT, AND HEAT RESISTANCE OF WOOD-COATED SURFACES: Table 3 shows adhesion properties as measured by the pull-off test, which indicates that the coated surface can withstand up to 1.5 N/mm 2 pressure. However, half of the coated film is removed if 2.7 N/mm 2 pressure is applied. In the cross-cut adhesion test, the wood surface is still protected after removal of the adhesive tape, whereas in the heat resistance test, the coated surface offered maximum resistance up to 100°C for 30 min without being affected. An impact resistance test confirmed that the wood-coated surface showed no damages, even when the test was carried out from 2 m height.
Gel content
Gel content is an important property of any coating, as it directly measures the degree of crosslinking, which will decide the final properties of the coating. 3 The result of gel fraction measurements, which was more than 90% for all numbers of cycles, is shown in Fig. 6 . Nevertheless, six cycles were chosen as optimal, because they gave the highest percentage of gel content. High UV intensity from the number of cycles of radiation would increase the risk of overcuring, and consequently of degradation to the cured films. 15 
Fourier transform infrared (FTIR)
The characterization of coating formulations and the estimation of polymerization were done by FTIR. The latter spectra of both uncured and cured coating formulations are shown in Figs. 7 and 8, respectively. Characteristic peaks corresponding to the different functional groups presented in the formulations were clearly detected in the FTIR spectra. Both figures showed a prominent peak at 1728 cm À1 , which corresponds to stretching the carbonyl group of acrylate. The absence of peaks at 1634 cm À1 corresponds to the C=C group, significantly exhibiting that the polymerization was completed after curing. 16 
Conclusion
Liquid wax esters with epoxy acrylate can be effectively used as materials in coating formulations, in the presence of suitable additives, using UV radiation technology. The presence of dioleyl adipate improved the properties of coatings, such as their hardness, impact, and heat resistance. The replacement of acrylate by adipate esters, which have less toxicity, is essential in order to meet a higher degree of safety and of environmentally sustainable development. 
